The intra-and intergeneric relationships of the genus Staphylococcus, and the phylogenetic position of Peptococcus saccharolyticus and Micrococcus mucilaginosus (Staphylococcus salivarius), were investigated by comparative oligonucleotide cataloguing of 16s rRNA. All the staphylococci investigated form a phylogenetically coherent group at the genus level that, in addition, contains the anaerobic species Peptococcus saccharolyticus. The genus Staphylococcus belongs to the broad Bacillus-Lactobacillus-Streptococcus cluster that is defined by Gram-positive bacteria with a low DNA G + C content.
W . L U D W I G A N D O T H E R S
micrococci investigated, only one member of the genus Staphylococcus, S. epidermidis ATCC 155, was included in these studies. To determine the genealogical relationship of the genus Staphylococcus on a broader basis, we have extended these RNA sequencing studies, using an in vitro labelling procedure (Stackebrandt et al., 1981) , to several species shown by DNA-DNA reassociation studies to be only rather distantly related (Schleifer et al., 1979 a). Peptococcus saccharolyticus was included because this organism was recently described as an anaerobic member of Staphylococcus (Kilpper et al., 1980) . Micrococcus mucilaginosus (Staphylococcus salivarius) CCM 24 17 was investigated because its DNA G + C content of 59 mol % (Kocur & Bohacek, 1974) does not fall in the usual range for either Staphylococcus or Micrococcus.
M E T H O D S
Organisms. The following strains were obtained from the Deutsche Sammlung von Mikroorganismen (DSM) and from the American Type Culture Collection (ATCC): Staphylococcus haemolyticus DSM 20263; S. xyfosus DSM 20266; S. aureus ATCC 12600; S. sciuri subsp. sciuri ATCC 29062; Peptococcus saccharolyticus ATCC 14953. Micrococcus mucilaginosus CCM 24 17 was obtained from the Czechoslovak Collection of Microorganisms, Brno, CSSR. All of the strains investigated are type or neotype strains.
Preparation and sequencing of 16s rRNA. Peptococcus saccharolyticus was grown anaerobically in a medium described by Kilpper et al. (1980) . All other strains were grown aerobically in 200 ml of a peptone/yeast extract/glucose broth (0.5 :0.25 :0.5; %, w/v). To facilitate the rupture of the cells, about 0.5 mg penicillin ml-' was added to the medium during the early exponential phase of growth. After 1 h incubation cells were harvested by centrifugation and broken by passing through a French press in a buffer containing Macaloid (Baroid Division, National Lead Co., Houston, Texas) (Woese et af., 1976) in the presence of several drops of 15 % (w/v) sodium dodecyl sulphate and 100 pg Proteinase K (Merck). Phenol treatment of the crude extract, and isolation and purification of 16s rRNA, followed the methods described by Woese et al. 
R E S U L T S
The oligonucleotides of the organisms investigated are listed in Table 1 . The phylogenetic positions of various staphylococci and Micrococcus mucilaginosus among the Gram-positive bacteria, as derived from the comparative analysis of the 16s rRNA oligonucleotides , are depicted in Fig. 1 . This dendrogram was calculated from the binary matching coefficients, SAB, given in Table 2 . All the staphylococci investigated form a genetically highly related cluster which also includes Peptococcus saccharolyticus. The Staphylococcus group falls into the large Bacillus cluster (Fig. 1) . The lowest SAB values separating these species are in the range 0-64 to 0.72 (Table 2) . These values are comparable to those found within the Arthrobacter/Micrococcus group (0-69), the cellulomonads (0-72) and the group comprising Microbacterium lacticum and the plant pathogenic coryneforms (0.67). In these three cases the status of genus was recently suggested or confirmed . The close relationships among the species of Staphylococcus seen here also strongly support its status as a defined genus. Figure 2 shows the phylogenetic relatedness of the individual staphylococci and P. saccharolyticus within the cluster defined by rRN A similarities. The closest relationships are found between S. xylosus and S. haemolyticus (S, 0-85), and between S. aureus and S. epidermidis ATCC 155 (0-84). These pairs of organisms exhibit an average SAB value of 0.8 1. Peptococcus saccharolyticus falls into the Staphylococcus cluster Table 3 . It should be noted that Staphylococcus epidermidis ATCC 155 does not fit the description for S. epidermidis sensu stricto (Schleifer & Kocur, 1973; Schleifer & Kloos, 1975) : it differs in several biochemical characters from a typical S. epidermidis and more closely resembles S. warneri. However, DNA-DNA reassociation studies established that S. epidermidis .and S. warneri, together with S. capitis, form a closely related species group (Schleifer et al., 1979a) . The closer relationship of S. epidermidislS. warneri to S. haemolyticus, as determined by DNA homologies, was not detected by the analysis of their RNAs. According to the S,, values,, S. haemolyticus is more closely related to S. xylosus (0.85) than to S. epidermidislS. warneri (0.81). These differences may be explained by the highly conserved DNA sequence of the 16s rRNA cistrons, which certainly does not reflect actual changes in the base sequences of the bulk of less-conserved genes. The distinction of coagulase-positive staphylococci (S. aureus) from the coagulase-negative species is more of clinical diagnostic value than of taxonomic significance. As previously demonstrated, S. aureus does not show separate grouping from the coagulase-negative strains but is phylogenetically closely related to them (Meyer & Peptococcus saccharolyticus, originally described as a member of the genus Peptococcus (Foubert & Douglas, 1948) , was later removed from this genus when its saccharoclastic properties were detected. In the latest edition of Bergey's Manual (Rogosa, 1974) , P. saccharolyticus is listed as species incertae sedis. The first indication of a relationship of this species to Staphylococcus was given by the similarity in the peptidoglycan type (Schleifer & Nimmermann, 1973) . Later, Kilpper & Schleifer (1978) and Crosa et al. (1979) found a significant degree of relationship of P. saccharolyticus to coagulase-negative staphylococci, based on DNA-DNA homology studies. More extensive nucleic acid reassociation studies using DNA-DNA and DNA-23s rRNA hybridization techniques established the close genetic relatedness of P. saccharolyticus to the staphylococci (Kilpper et al., 1980) . This finding is confirmed by our results.
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A comparative immunological study between antisera against highly purified catalases of S. epidermidis, S. capitis and S. xylosis and crude extract of S. sciuri subsp. sciuri ATCC 29062 demonstrated S. sciuri to be the most distantly related species within Staphylococcus (Schleifer et al., 1979a) . Although the cell wall composition of S. sciuri is typical of staphylococci (Kloos et al., 1976) , its cytochrome patterns are different (Faller et al., 1980) . Numerical taxonomic studies (Feltham, 1979) placed strains of S. sciuri even more distant from staphylococci and micrococci than these latter two groups are from each other. This led to a proposal to place S. sciuri and its relatives into a new genus named Cellobiosococcus, because its members produce acid aerobically from cellobiose. This ability, however, is not restricted to S. sciuri, but was recently found also in strains of S. xylosus (Bucher et al., 1980) . The analysis of the 16s rRNA of S. sciuri clearly establishes a close phylogenetic relatedness to Staphylococcus species. Staphylococcus sciuri does, however, represent an early branching among these staphylococci and thus it exhibits significant phenotypic differences.
Within the branch of the prokaryotic phylogenetic tree comprising Gram-positive bacteria, the staphylococci are found within the Bacillus cluster (Fig. 1 ). This cluster contains a variety of morphologically different Gram-positive bacteria such as Sporosarcina urea (Pechman et al., 1976) , Planococcus citreus (Stackebrandt & Woese, 1979) and Thermoactinomyces vulgaris . Furthermore, the Bacillus cluster includes not only aerobic but also facultative anaerobic or microaerophilic organisms, e.g. Bacillus polymyxa and Peptococcus saccharolyticus. Further support for the relatedness of staphylococci and bacilli is the fact that the DNA G + C content of Staphylococcus (32 to 38 mol %; Schleifer et al., 1979a) lies within the range for Bacillus (32 to 53 mol %, except for B . acidocaldarius for which a value of 62mol % is reported; Jones & Sneath, 1970; Gibson & Gordon, 1974) and that purified plasmid DNA coding for drug resistance, and also crude extract of S. aureus, can transform B. subtilis (Ehrlich, 1977; Feitelson & Lederberg, 19 80) .
The S , , value for the branching point of the Staphylococcus cluster from the main stem of Bacillus is about 0.5. The separation of Staphylococcus from microaerophilic or aerotolerant Gram-positive bacteria like lactobacilli and Streptococcus lactis occurs at an S,, value of about 0.42 . However, more RNA sequencing studies of different streptococci are necessary to prove the coherency of the genus Streptococcus, as well as to find the branching point of this genus within the BacilluslStaphylococcus-StreptococcusLactobacillus cluster. Transferability of plasmids between various streptococci and S . aureus (Engel et al., 1980) indicates a natural relationship between these bacteria.
The classification of Micrococcus mucilaginosus as a member of the genus Micrococcus is now seen to be unjustified. Spherical shape and superficial resemblance in simple physiological characteristics as detected in numerical taxonomic studies on micrococci (Feltham, 1979) are not sufficient grounds for classifying an organism as Micrococcus. A similar case was recently seen with the radiation-resistant species M . radiodurans and M . radiophilus (Brooks et al., 1980) . The separation of M. mucilaginosus from the genuine micrococci is further supported by differences in DNA G+C content of about 10 mol % (59 mol % for M . mucilaginosus versus 68 to 72 mol % for Micrococcus). According to Sueoka (1961) two strains differing by more than 10 mol % cannot be phylogenetically closely related. A difference of more than 5 mol % has usually been interpreted as implying membership of a different genus (De Ley, 1969) . The characterization of its 16s rRNA clearly reveals that M . mucilaginosus belongs to a new genus yet to be described. This genus belongs to a larger group of genera (A rthrobacter, Micrococcus, Brevibacterium, Cellulomonas and Microbacterium) for which the status of a family was recently suggested .
Our results demonstrate the advantage of the combined application of nucleic acid reassociation studies and the comparative analysis of 16s rRNA for phylogenetic studies.
DNA-DNA homology studies allow investigation of a larger number of organisms within a short period. However, this method is restricted to closely related species, and fails among more remotely related species, as shown in studies on bacilli (Seki et al., 1975) , micrococci (Ogasawara-Fujita & Sakaguchi, 1976; Schleifer et al., 1979 b) and arthrobacters (Stackebrandt & Fiedler, 1979) . DNA-rRNA reassociation studies may be useful for studying less related species since this method permits the elucidation of genetic relationships even at the intergeneric level (Johnson & Francis, 1975; De Smedt & De Ley, 1977) . The comparative analysis of 16s rRNA is an excellent tool for studying the relatedness not only of closely related species (Pechman et al., 1976; Stackebrandt et al., 1980) but also of distantly related bacteria . The advantage of investigating the 16s rRNA from representatives of genetic clusters, defined either as a genus or a family by nucleic acid homology studies, is that the entire cluster can at once be placed into the existing phylogenetic tree of prokaryotes.
